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Abstract
In this paper, the contributions of weak annihilation and hard spectator scattering
in B → ρK∗, K∗K¯∗, φK∗, ρρ and φφ decays are investigated within the framework
of QCD factorization. Using the experimental data available, we perform χ2 analyses
of end-point parameters in four cases based on the topology-dependent and polarization-
dependent parameterization schemes. The fitted results indicate that: (i) In the topology-
dependent scheme, the relation (ρiA, φ
i
A) 6= (ρfA, φfA) gotten through B → PP and PV
decays is favored by the penguin-dominated B → V V decays at 95% C. L.; (ii) The
large hard spectator scattering corrections and/or the simplification (ρH , φH) = (ρ
i
A, φ
i
A)
are challenged by B(B¯0 → ρ0ρ0), even though they are allowed by B → PP and PV
decays and helpful for resolving “pipi puzzle”; (iii) In the polarization-dependent scheme,
the relation (ρLA, φ
L
A) 6= (ρTA, φTA) is always required. Moreover, we have updated the
theoretical results for B → V V decays with the best-fit values of end-point parameters.
A few observables, such as the ones of pure annihilation Bd → φφ decay, are also identified
for probing the annihilation corrections.
PACS numbers: 13.25.Hw, 14.40.Nd, 12.39.St
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1 Introduction
The non-leptonic charmless two-body B meson decays provide a festival ground for testing the
flavor pictures of Standard Model (SM) and probing the possible hints of new physics (NP).
Theoretically, in order to obtain the reliable prediction, one of the main roles is to evaluate the
short-distance QCD corrections to hadronic matrix elements of B meson decays. In this respect,
the QCD factorization (QCDF) approach [1, 2], the perturbative QCD (pQCD) approach [3, 4]
and the soft-collinear effective theory (SCET) [5–8] are explored and widely used to calculate
the amplitudes of B meson decays.
In the O(αs) corrections, although the weak annihilation (WA) amplitudes are formally
ΛQCD/mb power-suppressed, they are generally nontrivial, especially for the flavor-changing-
neutral-current (FCNC) dominated and pure annihilation B decays. Furthermore, because
of the possible strong phase provided by the WA amplitude, the WA contribution also play
an indispensable role for evaluating the charge-parity (CP) asymmetry. Unfortunately, in the
collinear factorization approach, the calculation of WA corrections always suffers from the
divergence at the end-point of convolution integrals of meson’s light-cone distribution ampli-
tudes (LCDA). In the SCET, the annihilation diagrams are factorizable and real to the leading
power of O(αs(mb)ΛQCD/mb) [9, 10]. In the QCDF, the end-point divergence are usually pa-
rameterized by the phenomenological parameter XA defined as [11]∫ 1
0
dx
x
→ XA(ρA, φA) = (1 + ρAeiφA) ln mb
Λh
, (1)
in which Λh = 0.5GeV, ρA and φA are phenomenological parameters and responsible for the
strength and the possible strong phase of WA correction near the end-point, respectively. In
addition, for the hard spectator scattering (HSS) contributions, the calculation of twist-3 dis-
tribution amplitudes also suffers from end-point divergence, which is usually dealt with the
same parameterization scheme as Eq. (1) and labeled by XH(ρH , φH).
So far, the values of (ρA, φA) are utterly unknown from the first principles of QCD dynamics,
and thus can only be obtained through the experimental data. Originally, a conservative choice
of ρA ∼ 1 with an arbitrary strong interaction phase φA is introduced ( in practice, for the
specific final states PP, PV, VP and VV, the different values of (ρA, φA) are suggested to fit the
data, see Ref. [11] for detail). Meanwhile, the values of ρA and φA are treated as universal inputs
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for different annihilation topologies [11–15]. However, in 2012, the measurements of the pure
annihilation Bs → pi+pi− decay, B(Bs → pi+pi−) = (0.57± 0.15± 0.10)× 10−6 (CDF) [16] and
(0.95+0.21−0.17 ± 0.13)× 10−6 (LHCb) [17], present a challenge to the traditional QCDF estimation
of the WA contributions, which results in a small prediction (0.26+0.00+0.10−0.00−0.09) × 10−6 [14]. In
the pQCD approach, the possible un-negligible large WA contributions are noticed first in
Refs. [3, 4, 18, 19]. Moreover, the prediction of B(Bs → pi+pi−) with the same central value as
the data is presented [20, 21].
Recently, motivated by the possible large WA contributions observed by CDF and LHCb
collaborations, some researches have been done within both the SM and the NP scenarios,
for instance Refs. [21–28]. Especially, some theoretical studies within the QCDF framework
are renewed. In Ref. [26], the global fits of WA parameters XA(ρA, φA) are performed. It is
found that, for the decays related by (u ↔ d) quark exchange, a universal and relative large
WA parameter is supported by the data except for the B → piK system, which exhibits the
well-known “∆ACP (piK) puzzle”, and some tensions in B → φK∗ decays. In Refs. [27, 28],
after carefully studying the flavor dependence of the WA parameter XA on the initial states in
B → PP system, the authors present a “new treatment” (a topology-dependent scheme) for the
end-point parameters. It is suggested that XA should be divided into two independent complex
parameters X iA and X
f
A, which correspond to non-factorizable and factorizable topologies (
gluon emission from the initial and final states, respectively), respectively. Meanwhile, the flavor
dependence of X iA on the initial states, Bd and Bs, should be carefully considered. Moreover,
the global fits of the end-point parameters in B → PP and B → PV decays have confirmed
such “new treatment”, except for that the flavor symmetry breaking effect of WA parameters
is hard to be distinguished due to the experimental errors and theoretical uncertainties [29, 30].
Numerically, with the simplification XH = X
i
A, the best-fit results [29, 30] (ρiA, φiA[◦]) = (2.98+1.12−0.86,−105+34−24),(ρfA, φfA[◦]) = (1.18+0.20−0.23,−40+11−8 ), for PP final states (2) (ρiA, φiA[◦]) = (2.87+0.66−1.95,−145+14−21),(ρfA, φfA[◦]) = (0.91+0.12−0.13,−37+10−9 ), for PV final states (3)
are suggested. With such values, all of the QCDF results for charmless B → PP and PV
decays, especially for B → pipi and piK decays, can accommodate the current measurements.
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Even though the topology-dependent scheme for the HSS and WA contributions has been
tested in B → PP and PV decays and presents a good agreement with data, it is also worth
further testing whether such scheme persist still in B → V V decays, which involve more ob-
servables, such as polarization fractions and relative amplitude phases, and thus would present
much stronger constraints on the HSS and WA contributions. Moreover, in recent years, many
measurements of B → V V decays are updated at higher precision [31]. So, it is also worth
reexamining the agreement between QCDF’s prediction and experimental data, and investigat-
ing the effects of HSS and WA corrections on B → V V decays, especially some puzzles and
tensions therein.
Our paper is organized as follows. After a brief review of the WA corrections in B → V V
decays in section 2, we present our numerical analyses and discussions in section 3. Our main
conclusions are summarized in section 4.
2 Brief Review of WA Corrections
In the SM, the effective weak Hamiltonian responsible for b→ p transition is written as [32, 33]
Heff = GF√
2
[
VubV
∗
up (C1O
u
1 + C2O
u
2 ) + VcbV
∗
cp (C1O
c
1 + C2O
c
2)− VtbV ∗tp
( 10∑
i=3
CiOi
+ C7γO7γ + C8gO8g
)]
+h.c., (4)
where VqbV
∗
qp (p = d, s) are products of the Cabibbo-Kobayashi-Maskawa (CKM) matrix el-
ements, Ci are the Wilson coefficients, and Oi are the relevant four-quark operators. The
essential theoretical problem for obtaining the amplitude of B → M1M2 decay is the evalua-
tion of the hadronic matrix elements of the local operators in Eq. (4). Based on the collinear
factorization scheme and color transparency hypothesis, the QCDF approach is developed to
deal with the hadronic matrix elements [1, 2].
Up to power corrections of order ΛQCD/mb, the factorization formula for B decaying into
two light meson is given by [1, 2]
〈M1M2|Oi|B〉 =
∑
j
{
FB→M1j
∫
dz T Iij(z)ΦM2(z) + (M1↔M2)
}
+
∫
dx dy dz T IIi (x, y, z)ΦB(x)ΦM1(y)ΦM2(z). (5)
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Here, FB→M1j denotes the form factor of B → M1 transition, and ΦX(z) is the light-cone
wave function for the two-particle Fock state of the participating meson X, both of which are
nonperturbative inputs. T I(z) and T II(x, y, z) denote hard scattering kernels, which could be
systematically calculated order by order with the perturbation theory in principle. The QCDF
framework for B → V V decays has been fully developed in Refs. [12, 15, 34–36].
For the WA contributions, the convolution integrals in B → V V decays exhibit not only
the logarithmic infrared divergence regulated by Eq. (1) but also the linear infrared divergence
appeared in the transverse building blocks Ai−1,2, which is different from the case of B → PP, PV
decays. With the treatment similar to XA in Eq. (1), the linear divergence is usually extracted
into unknown complex quantity XL defined as [12]∫ 1
0
dx
x2
→ XL(ρA, φA) = (1 + ρAeiφA)mb
Λh
. (6)
In such a parameterization scheme, even though the predictive power of QCDF is partly weak-
ened due to the incalculable WA parameters, such scheme provides a feasible way to evaluate
the effects of WA corrections in a phenomenological view point. Traditionally, the end-point
parameters X i,fA ,L(ρ
i,f
A , φ
i,f
A ) are assumed to be universal for different WA topologies of B → V V
decays, and ones take the values ρfA = ρ
i
A ∼ 0.7 and φfA = φiA ∼ −50◦ [12, 15] as input. In this
paper, in order to test the proposal of Refs. [27, 28] mentioned in introduction, (ρfA, φ
f
A) and
(ρiA, φ
i
A) are treated as independent parameters, and responsible for the end-point corrections
of factorizable and non-factorizable WA topologies, respectively.
After evaluating the convolution integral with the asymptotic light-cone distribution am-
plitudes, one can get the basic building blocks of WA amplitudes, which are explicitly written
as [12, 37]
Ai,01 ' Ai,02 ' 18piαs
[
(X iA − 4 +
pi2
3
) + rV1χ r
V2
χ (X
i
A − 2)2
]
, (7)
Ai,03 ' 18piαs(rV1χ − rV2χ )
[
−(X iA)2 + 2X iA − 4 +
pi2
3
]
, (8)
Af,03 ' 18piαs(rV1χ + rV2χ )(2XfA − 1)(2−XfA) , (9)
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for the non-vanishing longitudinal contributions, and
Ai,+1 ' Ai,+2 ' 18piαs
m1m2
m2B
[
2(X iA)
2 − 3X iA + 6−
2pi2
3
]
, (10)
Ai,−1 ' Ai,−2 ' 18piαs
m1m2
m2B
(
1
2
X iL +
5
2
− pi
2
3
)
, (11)
Ai,−3 ' 18piαs
(
m1
m2
rV2χ −
m2
m1
rV1χ
)[
(X iA)
2 − 2X iA + 2
]
, (12)
Af,−3 ' 18piαs
(
m1
m2
rV2χ +
m2
m1
rV1χ
)[
2(XfA)
2 − 5XfA + 3
]
, (13)
for the transverse ones. Generally, Ai,03 and A
i,−
3 given by Eqs. (8) and (12) are very small and
therefore negligible for the case of light final states. One may refer to Refs. [12, 14, 15] for the
further explanation.
The decays modes considered in this paper include the penguin-dominated B → ρK∗ decays
induced by b→ sq¯q (q = u, d) transition and B → φK∗ decays induced by b→ ss¯s transition,
the tree-dominated B → ρρ decays induced by b → dq¯q transition, and the penguin- and/or
annihilation-dominated B → K∗K¯∗ and φφ decays induced by b→ ds¯s transition. The explicit
expressions of their amplitudes are summarized in Appendix A. As is known, the penguin-
dominated and color-suppressed tree dominated decays are very sensitive to the WA and the
HSS contributions, respectively. So, it is expected that their precisely measured observables
could present strong constraints on the end-point parameters. The pure annihilation decays,
such as B¯0 → K¯∗−K∗+ and φφ decay modes, are much more suitable for probing the annihila-
tion contributions without the interference effects. However, there is no available experimental
result by now. So, we leave them as our predictions, which will be tested by the forthcoming
measurements at LHC and super-KEKb.
3 Numerical Analyses and Discussions
In this paper, the independent observables, including CP-averaged branching fraction, CP
asymmetries, polarization fractions and relative amplitude phases, are evaluated. For these
observables, we take the same definition and convention as Ref. [12]. The available experimental
results averaged by HFAG [31] are listed in the “Exp.” columns of Tables 2, 3, 4 and 5 (the
recent measurement of B¯0 → ρ+ρ− decay reported by Belle [38] agrees well with the previous
6
Table 1: The values of input parameters: Wolfenstein parameters, pole and running quark masses,
decay constants, form factors and Gegenbauer moments. For the other inputs, such as masses and
lifetimes of mesons, we take their central values given by PDG [39].
ρ¯ = 0.145+0.013−0.007, η¯ = 0.343
+0.011
−0.012, A = 0.810
+0.018
−0.024, λ = 0.22548
+0.00068
−0.00034 [40],
mc = 1.67± 0.07 GeV, mb = 4.78± 0.06 GeV, mt = 173.21± 0.87 GeV,
m¯s(µ)
m¯u,d(µ)
= 27.5± 1.0, m¯s(2GeV) = 95± 5 MeV, m¯b(mb) = 4.18± 0.03 GeV [39],
fBu,d = 190.6± 4.7 MeV, fρ = 216± 3 MeV, f⊥ρ = 165± 9 MeV,
fK∗ = 220± 5 MeV, f⊥K∗ = 185± 10 MeV, fφ = 215± 5 MeV, f⊥φ = 186± 9 MeV [41, 42],
AB→ρ0 = 0.303± 0.029 GeV, AB→ρ1 = 0.242± 0.023 GeV, V Bu→ρ = 0.323± 0.030 GeV,
AB→K∗0 = 0.374± 0.034 GeV, AB→K
∗
1 = 0.292± 0.028 GeV, V B→K
∗
= 0.411± 0.033 GeV [43],
a
‖,⊥
1 (ρ)
µ=2GeV = 0, a
‖,⊥
1 (φ)
µ=2GeV = 0, a
‖,⊥
1 (K
∗)µ=2GeV = 0.02,
a
‖,⊥
2 (ρ)
µ=2GeV = 0.10, a
‖,⊥
2 (φ)
µ=2GeV = 0.13, a
‖,⊥
2 (K
∗)µ=2GeV = 0.08 [44].
results, and hasn’t been included in the HFAG’s average), which are employed in the coming
fits of WA parameters. In addition, the values of input parameters used in our evaluations are
listed in the Table 1.
In the χ2 analyses, with the same statistical χ2 approach as the one given in the appendix of
Refs. [45, 46], we firstly scan randomly the points of end-point parameters in the conservative
ranges and evaluate the χ2 value of each point. Then, we find out the χ2min and get the allowed
spaces (points) at 68% , 95% C.L.. If more than one separate spaces are found, we pick each of
them out and further deal with them respectively with their local minima of the χ2 (e.g. the
4 solutions in the coming Fig. 1).
With aforementioned theoretical strategy and inputs, we now proceed to present our nu-
merical results and discussions, which are divided into four cases for different purposes:
3.1 Case I
For case I, in order to test the topology-dependent scheme, (ρi,fA , φ
i,f
A ) are treated as free pa-
rameters. Meanwhile, the simplification (ρH , φH) = (ρ
i
A, φ
i
A) allowed by B → PP and PV
decays [29, 30] is assumed. The combined constraints from Bu,d → ρK∗, K¯∗K∗ decays, where
16 observables (see Tables 2 and 3) are well measured, are considered in the fit.
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Figure 1: The allowed regions of WA parameters at 68% and 95% C. L. with the combined constraints
from B → ρK∗, K¯∗K∗ decays. The best-fit points of solutions A, B, C and D correspond to χ2min = 5.0,
5.1, 5.9 and 6.0, respectively. One may also see Fig. 8 plotted in the complex plane.
For the B → ρK∗ decays, the tree contributions α1,2 are strongly suppressed by the CKM
factor |V ∗usVub| ∼ O(λ4), whereas the QCD penguin contribution α4 is proportional to |V ∗csVcb| ∼
O(λ2) and thus dominates the amplitudes. Therefore, the WA contributions with the same
CKM factor |V ∗csVcb| as α4 would be important for these decays. In their amplitudes given by
Eqs. (18-21), the main WA contribution is derived from the effective WA coefficient β3, which
is dominated by the building block Af3 accompanied by NcC6. So, B → ρK∗ decays would
present strict constraints on (ρfA, φ
f
A).
Moreover, the measured penguin-dominated B− → K∗−K∗0 and B¯0 → K¯∗0K∗0 decays,
which amplitudes are given by Eqs. (22) and (24), would provide further constraints on (ρfA, φ
f
A).
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Besides, due to the existence of β2,4, which are relevant to A
i
1,2 only, B
− → K∗−K∗0 and
B¯0 → K¯∗0K∗0 decays also may provide some constraints on (ρiA, φiA).
Under the combined constraints from Bu,d → ρK∗, K¯∗K∗ decays, the allowed spaces of end-
point parameters (ρi,fA , φ
i,f
A ) are shown in Fig. 1. It could be found that: (i) as expected, the
parameters (ρfA, φ
f
A) are strictly bounded into four separate regions, which are named solutions
A-D. However, the constraint on (ρiA, φ
i
A) is very loose. In addition, the two different spaces of
(ρfA, φ
f
A) in solutions A and B, as well as the ones in solutions C and D, correspond to almost
the same (ρiA, φ
i
A) space. In fact, the two solutions (solutions A and B, or solutions C and
D) result in the similar WA corrections. Such situation also exists in the B → PP and PV
decays [29, 30]. (ii) The relation (ρfA, φ
f
A) 6= (ρiA, φiA) is always required at 68% C. L., except for
the solution B shown by Fig. 1 (b) due to the loose constraints on (ρiA, φ
i
A). (iii) Corresponding
to the best-fit points of 4 solutions, the best-fit values of end-point parameters are
(ρA, φA[
◦])i, f =

(3.27,−251), (1.17,−45) ; solution A
(3.86,−250), (2.00,−205) ; solution B
(5.80,−70), (1.19,−158) ; solution C
(5.79,−69), (0.48,−291) . solution D
(14)
Interestingly, the result (ρfA, φ
f
A[
◦]) = (1.17,−45) of solution A is very similar to the results got-
ten in B → PP and PV decays given by Eqs. (2) and (3). Furthermore, the (ρfA, φfA of solution
B in Eq. (14) is also very similar to the other results in B → PP and PV decays (solution B
given in Refs. [29] and [30]). A more clear comparison will be present in the next case.
In the past years, the penguin-dominated B → φK∗ decays have attracted much attention
due to the well-known “polarization anomaly”. One may refer to Ref. [47] and the most
recent studies in QCDF and pQCD approaches [26, 48] for detail. For B → φK∗ decays, the
complete angular analyses are available, which would present much stricter requirement for the
WA contributions. In Ref. [26], with the traditional ansatz that the end-point parameters are
universal for all of the annihilation topologies, it is found that the current measurements for
the observables of B → φK∗ decays are hardly to be accommodated simultaneously. So, in the
next case, we would like to test whether the possible disagreement could be moderated by the
topology-dependent scheme.
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Figure 2: The allowed regions of end-point parameters with the constraints from Bu,d → ρK∗, K¯∗K∗
and φK∗ decays. The best-fit points of solutions A and B correspond to χ2min = 11.1. For comparison,
the fitted results of (ρ
i(f)
A , φ
i(f)
A ) in B → PP and PV decays are also shown by light (dark) yellow and
green pointed regions, respectively. One may also see Fig. 9 plotted in the complex plane.
3.2 Case II
In this case, we take the same ansatz as case I except to take the constraints from Bu,d → φK∗
decays into account. In the fit, all of the available observables are considered except for φ⊥(φK∗)
because φ⊥ ' φ‖ is hold in the QCDF and also supported by the current measurements within
errors. With the constraints from 32 measured observables, our fitted results are shown by
Fig. 2. The value of χ2min in this case is much larger than the ones in case I because Bu,d → φK∗
decay modes and relevant observables are considered as constraint conditions. In addition,
to clarify the effects of WA contributions on Bu,d → φK∗ decays, the dependences of some
observables on the end-point parameters are plotted in Fig. 3.
From Fig. 2, it could be found that: (i) comparing with the solutions A and B of case
I, the allowed spaces of end-point parameters are further restricted by Bu,d → φK∗ decays.
Especially, the regions of (ρiA, φ
i
A) are strictly bounded around (4,−250◦), which is mainly
required by A0CP (B
− → φK∗−), φ‖(Bu,d → φK∗) and also allowed by the other observables
as Fig. 3 (solid lines) shows. However, the solutions C and D in case I are entirely excluded
by B → φK∗, which could be easily understood from Fig. 3 (dashed lines); (ii) There is no
overlap between the spaces of (ρiA, φ
i
A) and (ρ
f
A, φ
f
A) at 95% C. L., which means that the relation
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Figure 3: The dependences of some observables of B → φK∗ decays on the parameter φiA with
different values of ρiA and settled (ρ
f
A, φ
f
A) of solutions A (solid lines) and C (dashed lines) in Eq. (14).
The shaded bands are experimental results with 1σ error.
(ρfA, φ
f
A) 6= (ρiA, φiA) found in B → PP , PV decays is also required by B → V V decays; (iii)
More interestingly, comparing with the previous fitted results gotten through B → PP , PV
decays, it could be found that the allowed spaces of (ρfA, φ
f
A) in B → PP , PV and V V decays
are very close to each other, which implies possible universal XfA(ρ
f
A, φ
f
A) for all of the decay
modes. However, no significant relationship could be found for (ρiA, φ
i
A).
Corresponding to the spaces of end-point parameters in Fig. 2, the numerical results are
(ρA, φA[
◦])i, f =
 (4.66+1.47−0.76,−259+18−16), (1.30+0.11−0.08,−44+10−8 ) , solution A(4.66+1.39−0.84,−259+17−15), (2.08+0.14−0.12,−206+5−5) , solution B (15)
in which the two solutions for (ρiA, φ
i
A) are in fact the same. With solution A as input, we then
present the updated QCDF’s results for B → V V decays in the “case II” columns of Tables 2,
3, 4, 5 and 6, in which the data [31] and the previous theoretical results [12, 13, 15] are also
listed for comparison. One may find that most of the updated results are in good agreements
with the data within the errors and uncertainties except for an unexpected large B(B¯0 → ρ0ρ0).
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The B¯0 → ρ0ρ0 decay is dominated by color-suppressed tree contribution α2, and thus
very sensitive to the HSS corrections. Therefore, the unexpected large theoretical result of
B(B¯0 → ρ0ρ0) is mainly caused by the large ρiA and the simplification (ρH , φH) = (ρiA, φiA),
which are favored by B → PP and PV decays [29, 30]. So, the current data of B(B¯0 → ρ0ρ0)
presents a challenge to the large ρH and/or the simplification (ρH , φH) = (ρ
i
A, φ
i
A). In addition,
recalling the situation in B → pipi decays, a large HSS correction with ρH ∼ 3 plays an important
role for resolving the “pipi puzzle” and is allowed by the other B → PP and PV decays [45].
So, any hypothesis for resolving the “pipi puzzle” through enhancing the HSS corrections should
be carefully tested whether it is also allowed by B¯0 → ρ0ρ0 decay.
It should be noted that the B → V V decays are relevant to not only the longitudinal
building blocks but also the transverse ones, the latter of which do not contribute to B → PP
and PV decays. In cases I and II, the analyses are based on the findings in B → PP and PV
decays and the ansatz that end-point parameters are universal in longitudinal and transverse
building blocks, even though the latter is not essential. In the following cases, we will pay
attention to such issue.
3.3 Case III
For case III, in order to extract the end-point contributions in the longitudinal building blocks,
we pick out the measured longitudinal-polarization-dominated decay modes as constraint con-
ditions, which include B− → ρ−K¯∗0, K∗0K∗−, ρ0ρ− and B¯0 → K∗0K¯∗0, ρ+ρ− decays. Tak-
ing ρTA = 0, the allowed spaces of longitudinal end-point parameters are shown by Fig. 4, in
which Figs. (a,b) and Fig. (c) correspond to the cases without and with the simplification
(ρL,iA , φ
L,i
A ) = (ρ
L,f
A , φ
L,f
A ) ≡ (ρLA, φLA), respectively.
From Figs. 4 (a) and (b), one may find that: (i) the large ρL,iA is excluded, which is mainly
caused by the constraints from B → ρρ decays; (ii) Even though the fit of longitudinal end-
point parameters through longitudinal-polarization-dominated decays is an ideal strategy, there
is no well-bounded space could be found due to the lack of data and the large theoretical
uncertainties, which prevent us to test whether (ρLA, φ
L
A) are topology-dependent. Moreover,
as Fig. 4 (c) shows, even if the simplification (ρL,iA , φ
L,i
A ) = (ρ
L,f
A , φ
L,f
A ) is taken, the spaces
of end-point parameters are still hardly to be well restricted. So, the refined experimental
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(a) (b)
(c)
Figure 4: The allowed regions of the longitudinal end-point parameters with the constraints
from longitudinal-polarization-dominated decay modes. For Fig. (c), the simplification (ρL,iA , φ
L,i
A ) =
(ρL,fA , φ
L,f
A ) ≡ (ρLA, φLA) is taken. One may also see Fig. 10 plotted in the complex plane.
measurements are required for a definite conclusion.
3.4 Case IV
For case IV, we assume that the end-point parameters are topology-independent but non-
universal for longitudinal and transverse building blocks (a polarization-dependent scheme).
The free parameters are (ρLA, φ
L
A) and (ρ
T
A, φ
T
A).
With the same constraint condition as case II, where 32 observables relevant to the penguin-
dominated B → ρK∗, K∗K¯∗, φK∗ decays are considered, the allowed spaces of end-point pa-
rameters (ρL,TA , φ
L,T
A ) are strictly restricted. Explicitly, the allowed spaces consist of 4 separate
13
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Figure 5: The allowed regions of the longitudinal and transverse end-point parameters with the
constraints from Bu,d → ρK∗,K∗K¯∗ and φK∗ decays. The best-fit points of solutions A′-D′ correspond
to χ2min = 10.1, 10.0, 11.5 and 12.1, respectively. One may also see Fig. 11 plotted in the complex
plane.
parts, named solutions A′, B′, C′ and D′, shown by Fig. 5. It could be found that: (i) the
values of ρTA are a little larger than the ones of ρ
L
A due to the requirement of large transverse
polarization fractions of B → φK∗ decays; (ii) There is no significant overlap between the
allowed regions of (ρLA, φ
L
A) and (ρ
T
A, φ
T
A) at 95% C. L., which implies that (ρ
L
A, φ
L
A) 6= (ρTA, φTA);
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Figure 6: The dependences of fL(B → ρρ) on the parameter φLA with different values of ρLA and
settled (ρTA, φ
T
A) of solutions A
′-D′ in Eq. (16), which are labeled in each figure. The shaded bands are
experimental results with 1σ error.
(iii) Numerically, the best-fit values of four solutions are
(ρA, φA[
◦])L, T =

(1.10,−213), (1.65,−106) , solution A′
(0.64,−66), (1.83,−227) , solution B′
(0.60,−110), (1.84,−184) , solution C′
(1.32,−208), (1.86,−183) , solution D′
(16)
which are much smaller than the end-point parameters of cases I and II, and thus theoretically
more acceptable due to the power counting rules. Moreover, in the view of minimum χ2, the
solution A′ in this case is much more favored by the data than the results of case II because
χ2min[solution A
′] < χ2min[case II]. Such findings imply that the end-point contributions are
possibly not only topology-independent but also polarization-dependent.
Then, we would like to test such solutions further in B → ρρ decays. With the well settled
values of (ρTA, φ
T
A) in Eq. (16), the dependences of fL(B → ρρ) on the parameter φLA with different
ρLA are shown by Fig. 6. For the B¯
0 → ρ+ρ− decay, because its amplitude is dominated by
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Figure 7: The allowed regions of the longitudinal and transverse end-point parameters with the com-
bined constraints from all of the decay modes considered in this paper. The best-fit point corresponds
to χ2min = 16.8. One may also see Fig. 12 plotted in the complex plane.
the tree coefficient α1, the effects of HSS and WA corrections are not significant as Figs. 6 (d-
f) show. For the B− → ρ0ρ− decay, its amplitude is irrelevant to the WA contribution but
sensitive to the HSS correction through α2. From Figs. 6 (a-c), it could be found that the
solutions B′, C′ and D′ are possible to be excluded by fL(B− → ρ0ρ−) and the solution A′ is
unwillingly acceptable.
Finally, combining the constraints from all of the decay modes considered in this paper, we
present the allowed space of longitudinal and transverse end-point parameters in Fig. 7. As
analyses above, the solutions B′, C′ and D′ gotten through Bu,d → ρK∗, K∗K¯∗ and φK∗ decays
are ruled out entirely by B → ρρ decays, and the parameter spaces of solution A′ are further
restricted. Numerically, we get
(ρA, φA[
◦])L, T = (0.97+0.67−0.39,−214+14−44), (1.65+0.13−0.23,−108+13−10) . solution A′ (17)
Using the values of (ρL, TA , φ
L, T
A ) in Eq. (17), we present the theoretical results for B → V V
decays in the “case IV” columns of Tables 2, 3, 4, 5 and 6. All of the theoretical results are
in consistence with the data within the errors and uncertainties. Comparing case II with case
IV, one can find some significant differences, especially for the pure annihilation B¯0 → φφ
decay. For instance, case II presents a large branching fraction ∼ 13 × 10−8, which is in the
scope of SuperKEKb/Belle-II experiment, while the prediction of case IV, ∼ 0.1 × 10−8, is
very small. Moreover, case IV presents a much larger transverse polarization fraction, ∼ 31%,
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than case II. In addition, we note that the amplitude Ah
B¯0→φφ is only relevant to the effective
coefficients b4 and b4,EW , and both of which involve A
i
1,2 only. It implies that B¯
0 → φφ decay
is very suitable for probing the non-factorizable WA contributions. The measurement of pure
annihilation decays is required for testing such results and exploring a much clearer picture of
WA contributions.
4 Conclusion
In summary, we have studied the effects of weak annihilation and hard spectator scattering
contributions in Bu,d → V V decays with the QCDF approach. In order to evaluate the values
of end-point parameters, comprehensive statistical χ2 analyses are preformed in four cases. Our
analyses in cases I and II are based on the topology-dependent parameterization scheme, which
is presented first in Ref. [27] and favored by B → PP , PV decays [29, 30]. The analyses in
cases III and IV are based on the polarization-dependent parameterization scheme (i.e., the
end-point parameters are non-universal for longitudinal and transverse building blocks). In
each of cases, a global fit of end-point parameters is performed with the data available, and
the numerical results are presented. Our main conclusions and findings could be summarized
as the following:
• The allowed spaces of (ρiA, φiA) at 95% C. L. are entirely different from that of (ρfA, φfA)
in B → V V decays, i.e., (ρiA, φiA) 6= (ρfA, φfA), which confirms the proposal of topology-
dependent scheme presented in Ref. [27]. More interestingly, the fitted result of (ρfA, φ
f
A)
in B → V V decays is very similar to the ones in B → PP and PV decays, which implies
possible universal end-point contributions for the factorizable annihilation topologies.
• The findings mentioned above are gotten mainly through penguin-dominated decays.
Unfortunately, some tensions between theoretical results and data appear when the color-
suppressed tree-dominated B¯0 → ρ0ρ0 decay is taken into account. To be exact, a large
ρiA and/or the simplification (ρH , φH) 6= (ρiA, φiA), which has been proven to be a good
simplification by a global fit in B → PP , PV decays [29, 30], are challenged especially by
B(B¯0 → ρ0ρ0). We further point out that any hypothesis for resolving the “pipi puzzle”
through modifying HSS corrections should be carefully tested in B → ρρ decays.
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• For the polarization-dependent scheme, an ideal strategy is to extract the longitudinal
end-point parameters through the longitudinal-polarization-dominated decay modes and
further analysis their topology-dependence. However, the lack of data and large uncer-
tainties prevent us from obtaining an exact result. Combining all of the decays considered
in this paper, the fitted result at 95% C. L. indicates that (ρLA, φ
L
A) 6= (ρTA, φTA). Using
the fitted values of end-point parameters, the experimental data could be accommodated
within QCDF Framework.
Generally, because B → V V decays involve more observables than B → PP and PV decays,
more information for the WA and HSS contributions can be obtained, which surely helps us
to further explore and understand the underlying mechanism. However, the measurements of
B → V V decays are still very rough by now, especially for the complete angular analysis and
the pure annihilation decays. With the rapid accumulation of data on B events at running
LHC and forthcoming SuperKEKb/Belle-II, more refined measurements of B → V V decays
are urgently expected for a much clearer picture of WA and HSS contributions.
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Appendix A: The decay amplitudes
AhB−→ρ−K¯∗0 = AhρK¯∗ [δpuβp,h2 + αp,h4 −
1
2
αp,h4,EW + β
p,h
3 + β
p,h
3,EW ], (18)
√
2AhB−→ρ0K∗− = AhρK¯∗ [δpu(αp,h1 + βp,h2 ) + αp,h4 + αp,h4,EW + βp,h3 + βp,h3,EW ]
+AhK¯∗ρ[δpuα
p,h
2 +
3
2
αp,h3,EW ], (19)
AhB¯0→ρ+K∗− = AhρK¯∗ [δpuαp,h1 + αp,h4 + αp,h4,EW + βp,h3 −
1
2
βp,h3,EW ], (20)
√
2AhB¯0→ρ0K¯∗0 = AhρK¯∗ [−αp,h4 +
1
2
αp,h4,EW − βp,h3 +
1
2
βp,h3,EW ]
+AhK¯∗ρ[δpuα
p,h
2 +
3
2
αp,h3,EW ], (21)
AhB−→K∗−K∗0 = AhK¯∗K∗ [δpuβp,h2 + αp,h4 −
1
2
αp,h4,EW + β
p,h
3 + β
p,h
3,EW ], (22)
AhB¯0→K∗−K∗+ = AhK¯∗K∗ [δpuβp,h1 + βp,h4 + βp,h4,EW ] +BhK∗K¯∗ [bp,h4 −
1
2
bp,h4,EW ], (23)
AhB¯0→K¯∗0K∗0 = AhK¯∗K∗ [αp,h4 −
1
2
αp,h4,EW + β
p,h
3 + β
p,h
4 −
1
2
βp,h3,EW −
1
2
βp,h4,EW ]
+BhK∗K¯∗ [b
p,h
4 −
1
2
bp,h4,EW ], (24)
AhB−→K∗−φ = AhK¯∗φ[δpuβp,h2 + αp,h3 + αp,h4 −
1
2
αp,h3,EW −
1
2
αp,h4,EW + β
p,h
3 + β
p,h
3,EW ], (25)
AhB¯0→K¯∗0φ = AhK¯∗φ[αp,h3 + αp,h4 −
1
2
αp,h3,EW −
1
2
αp,h4,EW + β
p,h
3 −
1
2
βp,h3,EW ], (26)
√
2AhB−→ρ0ρ− = Ahρ−ρ0[δpu(αp,h2 − βp,h2 )− αp,h4 +
3
2
αp,h3,EW +
1
2
αp,h4,EW − βp,h3 − βp,h3,EW ]
+Ahρ0ρ−[δpu(α
p,h
1 + β
p,h
2 ) + α
p,h
4 + α
p,h
4,EW + β
p,h
3 + β
p,h
3,EW ], (27)
AhB¯0→ρ+ρ− = Ahρρ[δpu(αp,h1 − βp,h1 ) + αp,h4 + αp,h4,EW
+βp,h3 + 2β
p,h
4 −
1
2
βp,h3,EW +
1
2
βp,h4,EW ], (28)
−AhB¯0→ρ0ρ0 = Ahρρ[δpu(αp,h2 − βp,h1 )− αp,h4 +
3
2
αp,h3,EW +
1
2
αp,h4,EW
−βp,h3 − 2βp,h4 +
1
2
βp,h3,EW −
1
2
βp,h4,EW ], (29)
AhB¯0→φφ = Bhφφ[bp,h4 −
1
2
bp,h4,EW ]. (30)
Appendix B: The experimental data and theoretical re-
sults
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Table 2: The observables of B → ρK∗ decays. For the theoretical results of case II and IV, the first,
second and third theoretical errors are caused by the CKM parameters, the other inputs in Table. 1
and end-point parameters, respectively.
Obs. Decay modes Exp.
This work Previous works
case II case IV Cheng [13, 15] Beneke [12]
B[10−6] B− → ρ−K¯∗0 9.2± 1.5 9.0+0.4+2.8+3.0−0.5−2.0−2.2 9.0+0.4+1.1+4.6−0.5−1.0−2.6 9.2+1.2+3.6−1.1−5.4 5.9+0.3+6.9−0.3−3.7
B− → ρ0K∗− 4.6± 1.1 5.9+0.3+1.4+1.3−0.4−0.9−0.8 6.4+0.3+0.7+1.3−0.4−0.7−2.4 5.5+0.6+1.3−0.5−2.5 4.5+1.5+3.0−1.3−1.4
B¯0 → ρ+K∗− 10.3± 2.6 9.8+0.4+2.3+3.0−0.6−1.7−2.1 8.5+0.4+1+4.2−0.5−0.9−2.4 8.9+1.1+4.8−1.0−5.5 5.5+1.7+5.7−1.5−2.9
B¯0 → ρ0K¯∗0 3.9± 0.8 5.5+0.3+0.7+1.6−0.3−0.5−0.9 3.2+0.1+0.4+2.0−0.2−0.4−1.2 4.6+0.6+3.5−0.5−3.5 2.4+0.2+3.5−0.1−2.0
ACP [%] B
− → ρ−K¯∗0 −1± 16 4+0+1+3−0−1−2 0.8+0+0.1+0.5−0−0.1−0.3 −0.3+0+2−0−0 0+0+3−0−1
B− → ρ0K∗− 31± 13 39+1+3+16−1−4−21 14+0+1+15−0−1−24 43+6+12−3−28 16+4+23−4−16
B¯0 → ρ+K∗− 21± 15 26+1+4+13−1−5−18 5.6+0.1+3.6+24−0.1−3.3−13 32+1+2−3−14 5+1+40−1−17
B¯0 → ρ0K¯∗0 −6± 9 −25+1+9+34−1−8−31 −20+1+6+15−1−5−4 −15+4+16−8−14 −15+4+17−4−32
A0CP [%] B
− → ρ−K¯∗0 — 2.7+0.1+0.3+2.3−0.1−0.3−1.8 0.8+0+0.1+0.2−0−0.1−0.4 — −1+0+1−0−1
B− → ρ0K∗− — 5.1+0.3+16.6+23.7−0.2−16.2−22.2 3.0+0.3+1.2+9.1−0.1−1.2−9.9 — 7+2+12−2−13
B¯0 → ρ+K∗− — 68.6+1.9+7.2+18.4−2.1−7.6−25.4 20.2+0.8+3.9+13.1−0.5−4.3−21.7 — 18+6+12−5−29
B¯0 → ρ0K¯∗0 — 18.3+0.4+5.7+13.1−0.6−7.3−10.4 13.0+0.4+6.5+9.7−0.4−7.8−5.3 — −30+11+60−11−48
A⊥CP [%] B
− → ρ−K¯∗0 — −0.6+0+0.3+1.3−0−0.5−1.5 −1.2+0+0.1+0.5−0−0.1−0.6 — —
B− → ρ0K∗− — −6.6+0.2+30.0+45.7−0.3−20.4−25.0 −7.6+0.2+3.5+29.3−0.4−4.4−20.2 — —
B¯0 → ρ+K∗− — −64.3+1.5+9.3+16.4−1.3−8.7−13.2 −23.0+0.7+3.0+9.6−0.6−2.4−24.0 — —
B¯0 → ρ0K¯∗0 — −16.9+0.7+8.3+11.4−0.4−7.5−12.2 −6.8+0.3+4.5+5.7−0.3−3.6−16.3 — —
fL[%] B
− → ρ−K¯∗0 48± 8 56+0+3+20−0−3−26 59+0+6+23−0−6−17 48+3+52−4−40 56+4+48−0−30
B− → ρ0K∗− 78± 12 61+0+6+19−0−6−27 72+0+4+16−1−4−15 67+2+31−3−48 84+2+16−3−25
B¯0 → ρ+K∗− 38± 13 48+0+1+12−0−1−12 53+1+5+21−1−5−14 53+2+45−3−32 61+5+38−7−28
B¯0 → ρ0K¯∗0 40± 14 52+0+2+7−0−3−10 35+0+7+30−0−7−15 39+0+60−0−31 22+3+53−3−14
f⊥[%] B− → ρ−K¯∗0 — 20.5+0+2.0+11.7−0−1.8−9.2 20.9+0+3.0+8.6−0−2.9−11.5 — —
B− → ρ0K∗− — 17.9+0.1+3.0+12.2−0.1−2.8−8.7 14.4+0.5+2.1+7.5−0.3−2.0−8.0 — —
B¯0 → ρ+K∗− — 24.2+0.1+1.0+5.2−0.1−1.0−5.6 23.7+0.6+2.7+7.2−0.3−2.6−10.5 — —
B¯0 → ρ0K¯∗0 — 22.9+0.1+1.3+4.1−0.1−1.1−3.2 33.0+0.1+3.6+7.7−0.1−3.6−15.1 — —
φ‖ B− → ρ−K¯∗0 — −1.7+0+0.2+0.4−0−0.2−0.3 3.1+0+0.1+5.8−0−0.1−6.2 — −37+0+92−0−59
B− → ρ0K∗− — −1.3+0+0.1+0.4−0−0.2−0.3 3.0+0+0.1+5.4−0−0.1−5.8 — −39+4+146−5−88
B¯0 → ρ+K∗− — −1.9+0+0.1+0.4−0−0.1−0.3 3.1+0+0+2.8−0−0.1−2.7 — −36+4+111−5−68
B¯0 → ρ0K¯∗0 — −2.4+0+0.1+0.1−0−0.1−0.1 2.9+0+0+2.7−0−0.1−3.0 — −41+4+63−4−44
φ⊥ B− → ρ−K¯∗0 — −1.8+0+0.2+0.3−0−0.2−0.3 3.0+0+0.1+5.8−0−0.1−6.2 — —
B− → ρ0K∗− — −1.4+0+0.2+0.4−0−0.2−0.4 3.1+0+0.1+5.4−0−0.1−5.8 — —
B¯0 → ρ+K∗− — −2.0+0+0.1+0.3−0−0.1−0.3 3.0+0+0+2.8−0−0−2.7 — —
B¯0 → ρ0K¯∗0 — −2.5+0+0.1+0.1−0−0.1−0.1 2.9+0+0.1+2.7−0−0.1−3.0 — —
∆φ‖ B− → ρ−K¯∗0 — 0.03+0+0+0.03−0−0−0.03 −0+0+0+0−0−0−0 — 0+0+0−0−2
B− → ρ0K∗− — −0.14+0+0.03+0.30−0−0.03−0.35 5.6+0+0+0.1−0−0−0.1 — −14+3+29−4−60
B¯0 → ρ+K∗− — −0.10+0.01+0.07+0.36−0.01−0.07−0.22 5.6+0+0+0.1−0−0−0.1 — −19+5+74−5−18
B¯0 → ρ0K¯∗0 — −0.06+0+0.02+0.19−0−0.03−0.18 0.17+0+0.06+0.08−0.01−0.06−0.7 — 17+5+22−5−24
∆φ⊥ B− → ρ−K¯∗0 — 0+0+0+0.02−0−0−0.03 −0+0+0+0−0−0−0 — —
B− → ρ0K∗− — −0.14+0+0.02+0.30−0−0.02−0.38 5.62+0+0+0.15−0−0−0.11 — —
B¯0 → ρ+K∗− — −0.12+0.01+0.07+0.38−0.01−0.07−0.25 5.62+0.02+6.09−0.02−6.13 — —
B¯0 → ρ0K¯∗0 — −0.10+0+0.03+0.18−0−0.04−0.16 0.16+0+0.06+0.08−0−0.06−0.07 — —
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Table 3: The observables of B → K∗K¯∗ decays. The other captions are the same as Table 2.
Obs. Decay Modes Exp.
This work Previous works
case II case IV Cheng [13, 15] Beneke [12]
B[10−6] B− → K∗0K∗− 1.2± 0.5 0.8+0+0.2+0.2−0−0.1−0.1 0.6+0+0.1+0.3−0−0.1−0.2 0.6+0.1+0.3−0.1−0.3 0.5+0.2+0.4−0.1−0.3
B¯0 → K∗+K∗− < 2 1.7+0.1+0.1+2.6−0.1−0.1−1.0 0.02+0+0+0.02−0−0−0.01 0.1+0+0.1−0−0.1 —
B¯0 → K∗0K¯∗0 0.81± 0.23 0.98+0.05+0.19+0.56−0.06−0.14−0.40 0.56+0.03+0.07+0.27−0.03−0.07−0.14 0.6+0.1+0.2−0.1−0.3 0.6+0.1+0.5−0.1−0.3
ACP [%] B
− → K∗0K∗− — −65.7+0.8+5.4+20.5−0.9−4.0−8.9 −16.6+0.5+1.9+5.6−0.5−1.8−9.0 16+1+17−3−34 0+0+17−0−40
B¯0 → K∗+K∗− — 0+0+0+0−0−0−0 0+0+0+0−0−0−0 0 —
B¯0 → K∗0K¯∗0 — −10.2+0.3+1.5+5.5−0.4−1.5−3.8 −9.6+0.3+1.7+3−0.3−1.6−5.2 −14+1+6−1−2 −13+3+6−4−8
A0CP [%] B
− → K∗0K∗− — −84.8+2.1+11.2+52.3−3.4−9.5−17.2 −15.2+0.5+2.1+7.3−0.5−2.3−4.2 — 9+3+12−2−24
B¯0 → K∗+K∗− — 0+0+0+0−0−0−0 0+0+0+0−0−0−0 — —
B¯0 → K∗0K¯∗0 — −0.23+0.02+0.63+1.3−0.02−0.67−2.3 −12.3+0.4+1.5+8.0−0.4−1.5−4.2 — 0+0+2−0−4
A⊥CP [%] B
− → K∗0K∗− — 0.69+0.96+7.99+32.9−1.93−5.61−41.1 26.5+0.8+3.0+12.3−0.8−2.8−11.0 — —
B¯0 → K∗+K∗− — 0+0+0+0−0−0−0 0+0+0+0−0−0−0 — —
B¯0 → K∗0K¯∗0 — 0.90+0.05+1.36+1.57−0.03−1.30−3.43 23.8+0.8+3.0+10.6−0.7−2.8−10.0 — —
fL[%] B
− → K∗0K∗− 75+16−26 40+0+2+18−1−2−7 63+0+5+20−0−5−16 45+2+55−4−38 62+1+42−2−33
B¯0 → K∗+K∗− — 76+0+2+5−0−1−9 61+0+1+39−0−1−25 ≈ 1 —
B¯0 → K∗0K¯∗0 80+12−13 69+0+1+7−0−1−13 65+0+5+20−0−5−16 52+4+48−7−48 69+1+34−1−27
f⊥[%] B− → K∗0K∗− — 18.1+0.3+1.4+9.2−0.5−1.1−9.5 18.7+0.1+2.8+8.2−0−2.7−10.1 — —
B¯0 → K∗+K∗− — 12.1+0+0.7+5.3−0−0.8−3.1 19.5+0+0.7+12.3−0−0.6−20.8 — —
B¯0 → K∗0K¯∗0 — 26.1+0.1+1.3+9.4−0.1−1.1−9.0 14.8+0+2.4+7.3−0−2.3−8.1 — —
φ‖ B− → K∗0K∗− — −1.8+0.1+0.2+3.3−0.1−0.2−2.6 3.0+0+0.1+6.6−0−0.1−6.9 — −39+2+96−3−57
B¯0 → K∗+K∗− — 0.7+0+0.1+0.2−0−0.1−0.2 2.0+0+0+1.1−0−0−0.8 — —
B¯0 → K∗0K¯∗0 — −3.0+0+0.1+3.1−0−0.1−4.1 3.1+0+0.1+5.8−0−0.1−8.7 — −32+0+82−0−51
φ⊥ B− → K∗0K∗− — −1.8+0+0.2+1.9−0−0.2−0.5 3.0+0+0.1+5.8−0−0.1−6.9 — —
B¯0 → K∗+K∗− — −2.2+0+0.1+0.2−0−0.1−0.2 −1.8+0+0.1+1.1−0−0.1−0.8 — —
B¯0 → K∗0K¯∗0 — −2.1+0+0.1+0.2−0−0.1−0.2 3.0+0+0+5.8−0−0−8.7 — —
∆φ‖ B− → K∗0K∗− — −0.60+0.06+0.17+5.9−0.06−0.19−5.7 0.08+0+0+0.02−0−0−0.05 — −5+1+28−1−7
B¯0 → K∗+K∗− — 0+0+0+0−0−0−0 0+0+0+0−0−0−0 — —
B¯0 → K∗0K¯∗0 — −0.16+0+0.89+0−0−0.03−0 0.02+0+0+0.03−0−1−0.06 — 3+1+14−1−6
∆φ⊥ B− → K∗0K∗− — −0.02+0.04+0.15+0.5−0.04−0.17−0.6 −0.03+0+0+0.02−0−0.01−0.05 — —
B¯0 → K∗+K∗− — 0+0+0+0−0−0−0 0.02+0+0.01+0−0−0.01−0 — —
B¯0 → K∗0K¯∗0 — −0.08+0+0+0.01−0−0−0.02 0.02+0+0+0.03−0−0−0.07 — —
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Table 4: The observables of B → φK¯∗ decays. The other captions are the same as Table 2.
Observables Decay Modes Exp.
This work Previous works
case II case IV Cheng [13, 15] Beneke [12]
B [10−6] B− → φK∗− 10.0± 1.1 6.3+0.3+4.2+3.4−0.4−1.7−1.5 12.0+0.5+1.3+6.8−0.7−1.2−4.0 10.0+1.4+12.3−1.3−6.1 10.1+0.5+12.2−0.5−7.1
B¯0 → φK¯∗0 10.1+0.6−0.5 5.8+0.3+3.4+3.1−0.3−1.5−1.3 11.1+0.5+1.2+6.4−0.6−1.1−3.8 9.5+1.3+11.9−1.2−5.9 9.3+0.5+11.4−0.5−6.5
ACP [%] B
− → φK∗− −1± 8 6+0+0+3−0−1−2 0+0+0+0.4−0−0−0.3 0.05 0+0+2−0−1
B¯0 → φK¯∗0 −0± 4 1+0+0+0−0−0−0 0.2+0+0.1+0.3−0−0.1−0.1 0.8+0+0.4−0−0.5 1+0+1−0−0
A0CP [%] B
− → φK∗− 17± 11 5+0+4+8−0−2−6 1+0+0+0.2−0−0−0.5 — −1+0+2−0−1
B¯0 → φK¯∗0 −0.7± 3.0 0.4+0+0.6+1.1−0−0.2−0.6 0.8+0+0.1+0.3−0−0.1−0.6 — 0+0+1−0−1
A⊥CP [%] B
− → φK∗− 22± 25 −3+0+2+9−0−3−7 −0.9+0+0.2+0.5−0−0.2−0.6 — —
B¯0 → φK¯∗0 −1.4± 5.7 −0.3+0+0.1+0.5−0−0.2−0.1 −0.8+0+0.1+0.4−0−0.1−0.4 — —
fL[%] B
− → φK∗− 50± 5 50+0+6+46−0−16−43 47+0+7+26−0−7−18 49+4+51−7−42 45+0+58−0−36
B¯0 → φK¯∗0 49.7± 1.7 50.1+0+6.0+46.1−0−15.3−43.7 47+0+7+26−0−7−18 50+4+51−6−43 44+0+59−0−36
f⊥[%] B− → φK∗− 20± 5 21+0+2+20−0−3−20 27+0+4+9−0−4−13 — —
B¯0 → φK¯∗0 22.5± 1.5 20.5+0+2.2+20.9−0−2.3−19.1 27+0+4+9−0−4−13 — —
φ‖ B− → φK∗− −0.80± 0.17 −1.18+0+0.62+0.93−0−0.55−0.64 −3.0+0+6.1+9.4−0−6.1−10.6 — −41+0+84−0−53
B¯0 → φK¯∗0 −0.71± 0.06 −1.13+0+0.56+0.94−0−0.51−0.64 −3.0+0+6.0+9.4−0−6.1−10.6 — −42+0+87−0−54
φ⊥ B− → φK∗− −0.56± 0.17 −1.20+0+0.62+1.03−0−0.54−0.72 −3.0+0+6.2+9.4−0−6.1−10.6 — −41+0+84−0−53
B¯0 → φK¯∗0 −0.61± 0.06 −1.18+0+0.64+1.05−0−0.55−0.74 −3.0+0+0.1−9.4−0−0.1−10.6 — −42+0+87−0−54
∆φ‖ B− → φK∗− 0.07± 0.21 0.03+0+0+0.05−0−0−0.02 0+0+0+0−0−0−0 — 0+0+0−0−1
B¯0 → φK¯∗0 0.05± 0.05 0+0+0+0.01−0−0−0.01 0+0+0+0−0−0−0 — 0+0+0−0−0
∆φ⊥ B− → φK∗− 0.19± 0.21 −0.02+0+0+0.05−0.02−0.01−0.08 0+0+0+0−0−0−0 — 0+0+0−0−1
B¯0 → φK¯∗0 0.08± 0.05 0+0+0+0.01−0−0−0.01 0+0+0+0−0−0−0 — 0+0+0−0−0
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Table 5: The observables of B → ρρ decays. The other captions are the same as Table 2.
Obs. Decay Modes Exp.
This work Previous works
case II case IV Cheng [13, 15] Beneke [12]
B[10−6] B− → ρ0ρ− 24.0+1.9−2.0 26.2+2.0+6.1+5.2−2.2−5.7−3.4 20.0+1.5+3.6+2.0−3.6−3.4−1.6 20.0+4+2−1.9−0.9 18.8+0.4+3.2−0.4−3.9
B¯0 → ρ+ρ− 24.2+3.1−3.2 24.4+1.8+4.8+0.8−2.0−4.2−0.3 25.7+1.9+1.6+0.7−2−2−0.4 25.5+1.5+2.4−2.6−1.5 23.6+1.7+3.9−1.9−3.6
B¯0 → ρ0ρ0 0.94± 0.17 14.3+1.1+8.8+10.3−1.2−7.8−4.3 1.52+0.11+0.89+0.29−0.12−0.77−0.36 0.9+1.5+1.1−0.4−0.2 0.9+0.6+1.9−0.3−0.9
ACP [%] B
− → ρ0ρ− −5.1± 5.4 0.5+0+0.1+0.1−0−0.2−0.1 0.1+0+0.1+0.2−0−0.1−0.1 0.06 0+0+0−0−0
B¯0 → ρ+ρ− — −20.3+0.7+3.0+4.4−0.6−3.2−3.1 −3.4+0.1+0.7+3.8−0.1−0.8−8.9 −4+0+3−0−3 −1+0+4−0−8
B¯0 → ρ0ρ0 — 16.1+0.5+8.4+8.9−0.5−3.8−10.9 41.5+1.0+19.1+10.5−1.2−9.4−20.5 30+17+14−16−26 28+5+53−7−29
A0CP [%] B
− → ρ0ρ− — 0.82+0.02+0.23+0.35−0.03−0.28−0.21 0.07+0.01+0.06+0.19−0−0.05−0.11 — —
Clong[%] B¯
0 → ρ+ρ− 0± 9 32+1+4+7−1−3−8 6+0+0+9−0−0−3 — —
B¯0 → ρ0ρ0 20± 90 −40+1+12+15−1−29−10 −30+1+10+12−1−22−35 — —
Slong[%] B¯
0 → ρ+ρ− −14± 13 −0+5+4+12−7−5−6 −22+5+0+3−7−0−6 — —
B¯0 → ρ0ρ0 30± 70 34+4+8+11−7−9−13 48+4+8+19−6−9−13 — —
A⊥CP [%] B
− → ρ0ρ− — −2.4+0.1+0.2+0.5−0.1−0.2−0.4 2.0+0+0.2+0.6−0−0.4−0.4 — —
B¯0 → ρ+ρ− — 56.4+1.2+7.0+6.3−1.6−7.0−8.3 25.4+0.8+5.9+19.8−0.8−7.3−17.4 — —
B¯0 → ρ0ρ0 — 2.2+0.1+0.6+2.8−0.1−0.5−2.2 6.4+0.3+4.1+21.7−0.6−1.8−13.2 — —
fL[%] B
− → ρ0ρ− 95.0± 1.6 74.5+0+7.8+7.7−1.6−6.5−11.6 91.4+0+1.7+1.8−0−2.0−1.4 96+1+2−1−2 95.9+0.2+3.4−0.3−6.4
B¯0 → ρ+ρ− 97.8+2.5−2.2 80.7+0.1+5.5+7.9−0.1−6.1−10.5 92.1+0.2+1.6+1.8−0.1−2.0−1.2 92+1+1−2−2 91.3+0.4+5.6−0.3−6.4
B¯0 → ρ0ρ0 59± 13 22.4+0.1+2.3+2.9−0.2−3.7−4.2 34.9+0.5+8.4+19.4−0.7−4.7−14.2 92+3+6−4−37 90+3+8−4−56
f⊥[%] B− → ρ0ρ− — 12.7+0+3.3+5.8−0−3.9−3.8 4.1+0+1.0+0.7−0−0.9−0.9 — —
B¯0 → ρ+ρ− — 12.4+0.1+3.4+7.1−0.1−3.0−4.8 4.2+0+1.2+0.7−0.1−1.0−0.6 — —
B¯0 → ρ0ρ0 — 38.0+0.1+1.0+4.4−0.1−1.0−3.4 30.2+0.3+2.5+6.9−0.2−4.9−9.5 — —
φ‖ B− → ρ0ρ− — −1.3+0+0.2+0.3−0−0.2−0.3 0.5+0+0.1+0.1−0−0.2−0.1 — −5+0+31−0−32
B¯0 → ρ+ρ− — 1.2+0+0.2+0.4−0−0.3−0.3 −0.4+0+0.1+0−0−0.1−0 — 1+2+17−2−17
B¯0 → ρ0ρ0 — −2.4+0+0.2+0−0−0.1−0 1.3+0+0+0.3−0−0−0.5 — —
φ⊥ B− → ρ0ρ− — −1.3+0+0.2+0.3−0−0.2−0.3 0.5+0+0.1+0.1−0−0.2−0.1 — −5+0+31−0−32
B¯0 → ρ+ρ− — 0.9+0+0.2+0.3−0.2−0.3−0.3 −0.4+0+0.1+0−0−0.1−0 — 1+2+17−2−17
B¯0 → ρ0ρ0 — −2.6+0+0.1+0.1−0−0−0.1 1.4+0+0.1+0.3−0−0.1−0.5 — —
∆φ‖ B− → ρ0ρ− — −0.02+0+0+0−0−0−0 −0+0+0+0−0−0−0 — −6+2+2−1−5
B¯0 → ρ+ρ− — −0.08+0+0.05+0.11−0−0.06−0.16 −0.31+0.01+0+0.09−0.01−0−0 — 4+1+9−1−9
B¯0 → ρ0ρ0 — 0.16+0+0.07+0.03−0.01−0.04−0.05 0.42+0.01+0.18+0.26−0.01−0.09−0.10 — —
∆φ⊥ B− → ρ0ρ− — −0.02+0+0+0−0−0−0 0+0+0+0−0−0−0 — −6+2+2−1−5
B¯0 → ρ+ρ− — 0.11+0+0+0.12−0.03−0.02−0.08 −0.28+0.01+0.03+0.09−0.01−0.03−0.04 — 4+1+9−1−9
B¯0 → ρ0ρ0 — 0.16+0+0.08+0.04−0.01−0.04−0.04 0.37+0.01+0.13+0.26−0.01−0.71−0.10 — —
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Table 6: The observables of B¯0 → φφ decays. The CP asymmetries A(0,⊥)CP and phases ∆φ‖,⊥ are
equal to zero, and thus not listed. The other captions are the same as Table 2.
Obs. Exp.
This work Previous work
case II case IV Beneke [12]
B [10−8] < 20 13.4+0.6+1.2+23.4−0.9−1.0−7.6 0.10+0+0+0.08−0−0−0.04 < 3
fL[%] — 72
+0+2+5
−0−2−8 38
+0+2+51
−0−2−22 > 80
f⊥[%] — 14+0+1+5−0−1−3 31
+0+1+10
−0−1−26 —
φ‖ — 0.49
+0+0.06+0.12
−0−0.06−0.13 1.86
+0+0+1.08
−0−0−0.84 —
φ⊥ — −2.44+0+0.06+0.14−0−0.06−0.17 −1.84+0+0−1.08−0−0−0.85 —
Appendix C: The fitted results of end-point parameters
in the complex plane
+
+
+
Ë
Ë
Solution A
x= i
x= f
:best-fit point
:68% C.L.
:95% C.L.
-10 -5 0 5 10-10
-5
0
5
10
rxcosfx
rx
sin
fx
(a)
+
+
+
Ë
Ë
Solution B
x= i
x= f
:best-fit point
:68% C.L.
:95% C.L.
-10 -5 0 5 10-10
-5
0
5
10
rxcosfx
rx
sin
fx
(b)
+
+
+
Ë
Ë
Solution C
x= i
x= f
:best-fit point
:68% C.L.
:95% C.L.
-10 -5 0 5 10-10
-5
0
5
10
rxcosfx
rx
sin
fx
(c)
+
+
+
Ë
Ë
Solution D
x= i
x= f
:best-fit point
:68% C.L.
:95% C.L.
-10 -5 0 5 10-10
-5
0
5
10
rxcosfx
rx
sin
fx
(d)
Figure 8: Same as Fig. 1 except for in (ρ cosφ, ρ sinφ) plane.
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Solution A: best-fit point: 68% C. L.: 95% C. L.x= i
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Solution B: best-fit point: 68% C. L.: 95% C. L.x= i
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Figure 9: Same as Fig. 2 except for in (ρ cosφ, ρ sinφ) plane.
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Figure 10: Same as Fig. 4 except for in (ρ cosφ, ρ sinφ) plane.
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Figure 11: Same as Fig. 5 except for in (ρ cosφ, ρ sinφ) plane.
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Figure 12: Same as Fig. 7 except for in (ρ cosφ, ρ sinφ) plane.
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